Abstract. Aberrant expression of pancreatic adenocarcinoma upregulated factor (PAUF), a novel secretory protein, has been reported in several types of cancer. However, in colorectal cancer (CRC), whether PAUF also plays its oncogenic role through the Wnt/β-catenin pathway and its effect in regulating malignant phenotypes of CRC is unknown. In this study, we detected PAUF and β-catenin expression levels by immunohistochemical analysis and real-time PCR in CRC tissues, adjacent non-tumor tissues (NATs) and 5 CRC cell lines. The results demonstrated that the expression of PAUF and β-catenin in tumor tissues was higher than in NATs. Moreover, the expression of PAUF was correlated with the expression of β-catenin in both tumor tissues and NATs. The HCT116 cell line, which has the highest PAUF expression of the 5 cell lines, was transfected with small interfering RNA (siRNA) targeting on PAUF, which significantly downregulated the expression of PAUF in cancer cells. Successful transfection was confirmed by using RT-PCR and western blot analysis. Further studies demonstrated that PAUF-siRNA inhibited the proliferation of CRC cells, promoted their apoptosis and induced G0/G1 cell cycle arrest. At the same time, PAUF-siRNA inhibited the invasion, adhesion and migration of the tumor cells. In conclusion, this study suggested that PAUF was expressed in CRC at a high frequency. Interference of PAUF may be an effective strategy for regulating malignant phenotypes of CRC through the Wnt/β-catenin pathway.
Introduction
Colorectal cancer (CRC) continues to be a leading malignancy in gastrointestinal tumors. It has been reported that CRC is the fourth most common cancer and the second leading cause of cancer-related mortality in the United States (1-3). Although significant progress has been made in the treatment of CRC, it is still difficult to treat advanced CRC, which has a poor prognosis and a 40% overall mortality rate (4, 5) . Thus, understanding the molecular mechanisms of CRC progression may help to develop more efficient therapy strategies for the disease.
The Wnt/β-catenin pathway involved in the early development process of various types of cancer is also involved in the development of CRC (6, 7) . The key step in activating the Wnt pathway is the stabilization of β-catenin and its translocation into the nucleus, which may serve as a potential target for CRC therapy (8) . Therefore, clarifying the mechanism of β-catenin regulation may aid in the diagnosis and treatment of CRC (9) (10) (11) . The latest research shows that pancreatic adenocarcinoma upregulated factor (PAUF), a novel secretory protein, may be one of the regulatory genes of β-catenin (12) .
PAUF, as a newly discovered oncogene, has been reported to play its oncogenic role by upregulating the expression of β-catenin and increasing its transcriptional activity in pancreatic cancer (13) . Researchers also found that PAUF is highly expressed in pancreatic cancer tissues as well as in colon, ovary and stomach cancer tissues (12, 13) . However, in CRC, whether PAUF also play its oncogenic role through the increase of β-catenin expression and upregulation of its transcriptional activity remains unknown.
In the present study, we detected the expression of PAUF and β-catenin in CRC and investigated whether PAUF affected the biological behavior of CRC through the adjustment of the Wnt/β-catenin pathway by RNA interference.
Materials and methods
Reagents. Rabbit anti-human PAUF antibody, rabbit antihuman β-catenin antibody, rat anti-human β-actin antibody and goat anti-rabbit IgG secondary antibody were purchased Silencing of pancreatic adenocarcinoma upregulated factor by RNA interference inhibits the malignant phenotypes of human colorectal cancer cells Cell lines and tissue samples. The human CRC cell lines (SW480, LoVo, SW1116, SW620 and HCT116) were purchased from the Chinese Academy of Sciences (Shanghai, China). The cell lines were seeded in 6-well plates at a density of 1.5x10 5 /well and maintained in RPMI-1640 (Invitrogen Life Technologies) supplemented with 10% fetal bovine serum (FBS; Sijiqing Biological Engineering Materials Co., Hangzhou, China). All cells were cultured at 37˚C in a humidified atmosphere containing 5% CO 2 . Surgical specimens of CRC tissue and their corresponding adjacent non-tumor tissues (NATs) (at least 2 cm distance from the tumor site) were obtained from 48 patients at the Department of General Surgery, the First Affiliated Hospital of Soochow University, from 2008-2010. All patients had a clear histological diagnosis of CRC, based on the clinicopathological criteria described by the UICC. Informed consent was obtained from all the patients and research protocols were approved by the Independent Ethics Committee (IEC) of our hospital.
Immunohistochemical analysis. For immunohistochemical analysis, samples were fixed in 10% neutral formaldehyde, embedded in paraffin and sliced. Briefly, the paraffin-embedded tissues were serially cut into 4 µm sections, dewaxed and rehydrated. Sections were then blocked with peroxide and non-immune animal serum and incubated sequentially with rat anti-human PAUF and β-catenin (1:1,000), and biotin-labeled goat anti-rabbit IgG (1:1,000). Finally, the sections were stained with DBA, counterstained with hematoxylin, dehydrated, cleared in xylene, and fixed. Histological assessment was performed as previously described (2) . Immunostaining was independently examined by two clinical pathologists. Five high-power fields (x400 magnification) were randomly counted for each section. The brown staining on the cytoplasm was read as positive reactivity for PAUF and β-catenin. The presence of brown colored granules on the cytoplasm was considered a positive signal, and was divided by color intensity into not colored, light yellow, brown, tan, and was recorded as 0, 1, 2, 3, respectively. We also selected five high-power fields from each slice and scored them. A positive cell rate of <25% was a score of 1, a positive cell rate of 25-50% was a score of 2, a positive cell rate of 51-75% was a score of 3, and a positive cell rate of >75% was a score of 4. The final score was determined by multiplying positive cell rate and score values: 0 was equal to negative (-), 1-4 was equal to weakly positive (+), 5-8 was equal to moderate positive (++), 9-12 was equal to strongly positive (+++).
Transfection of cells with PAUF-siRNA. PAUF-siRNA sequences were designed and synthesized by GenePharma Co., Ltd. (Table I) , which included 3 sets of 25-nucleotide stealth RNAi targeting PAUF, and a fluorescently labeled siRNA oligos segment which was used to detect the transfection efficacy by flow cytometric analysis (FACS). HCT116 cells (1.5x10 5 ) were divided into 6 groups: (i) PAUF-siRNA1, (ii) PAUF-siRNA2, (iii) PAUF-siRNA3, (iv) scrambled siRNA and (v) non-siRNA control. Cells were transfected with PAUFsiRNA or negative control siRNA using Lipofectamine 2000 (Invitrogen Life Technologies), according to the manufacturer's protocol. Cells were exposed to siRNA in Dulbecco's modified Eagle's medium (DMEM) for 6 h, after which the medium was replaced with DMEM containing 10% FBS and the cells were incubated for 48 h. Our preliminary study confirmed that the maximal transfection efficacy is obtained when the ratio of Lipofectamine 2000 to siRNA is 4 µl:4 µl. At 48 h post-transfecion, cells were harvested and subjected to total RNA extraction and adhesion, migration and invasion assay. Secreted protein was prepared from culture medium at 48 h post-transfection.
RT-PCR and real-time PCR gene expression analysis.
The mRNA expression of PAUF and β-catenin in HCT116 cells following PAUF-siRNA transfection were quantified by RT-PCR. Total RNA was isolated from cells using TRIzol Reagent (Invitrogen Life Technologies) and quantified. cDNA was synthesized from 5 µg of RNA using AMV reverse transcriptase (Fermentas) according to the manufacturer's instructions. PAUF and β-catenin were amplified from the cDNA by RT-PCR. The PCR conditions consisted of 5 min at 95˚C 1 cycle, 30 sec at 95˚C, 30 sec at 55˚C, 30 sec at 72˚C and 7 min at 72˚C 35 cycles. The primer sequences were: PAUF forward, 5'-CACCTGGGCAGGGAAGATGTA-3' and reverse, 5'-GCTCAGTGGTCGGCTCCTCT-3'; β-catenin forward, 5'-TGCCAAGTGGGTGGTATAGAG-3' and reverse, 5'-TGG GATGGTGGGTGTAAGAG-3'; β-actin forward, 5'-AACTC CATCATGAAGGGTTGTGA-3' and reverse, 5'-ACTCCTG CTTGCTGATCCAC-3'. 
siRNA, small interfering RNA.
The mRNA expression of PAUF and β-catenin in 12 CRC samples was quantified by real-time PCR. A total of 200 mg of tumor tissues or NATs was homogenized in liquid nitrogen. Total RNA was extracted and reverse transcribed into cDNA, which was then used for amplification of PAUF and β-catenin. The real-time PCR conditions consisted of 1 cycle at 95˚C for 10 min followed by 35 cycles at 95˚C for 30 sec, at 55˚C for 30 sec and at 72˚C for 30 sec. GAPDH was employed as an internal standard. The primer sequences were: PAUF forward, 5'-CCTGGAGGAGGCAAGTATTTCA-3' and reverse, 5'-GACCTACAGACACCCGCAGC-3'; β-catenin forward, 5'-TGCCAAGTGGGTGGTATAGAG-3' and reverse, 5'-TGGGATGGTGGGTGTAAGAG-3'; GAPDH forward, 5'-AGGGGCCATCCACAGTCTTC-3' and reverse, 5'-AGAA GGCTGGGGCTCATTTG-3'. The 2 -ΔΔCT method was applied to analyze the relative changes in gene expression.
Western blot analysis.
After 72 h of transfection, protein was extracted from HCT116 cells as previously described by Kim et al (12) , and then subjected to SDS-PAGE. Protein concentrations were transferred onto PVDF membranes and the membranes were then blocked and incubated with rabbit anti-human PAUF (1:1,000) or β-catenin antibody (1:1,000) at 4˚C overnight. After 3 washes with TBST solution for 10 min, the membranes underwent hybridization with a goat anti-rabbit IgG secondary antibody (1:1,000) at 37˚C for 1 h. After further washing, PAUF and β-catenin levels were visualized using an ECL chemiluminescence kit.
MTT assay. HCT116 cells were digested, re-suspended and seeded in a 96-well culture plate 6 h after transfection. After 24, 48 and 72 h of incubation, cells were stained with 20 µl MTT solution (5 mg/ml) at 37˚C for 4 h and subsequently made soluble in 150 µl DMSO. The reaction product was quantified by measuring the absorbance (A) of 490 nm at room temperature.
Flow cytometric analysis. Transfection efficiency was estimated with the use of fluorescein phosphoramidite (FAM)-antisense oligodeoxynucleotides by fluorescence-activated cell sorter (FACS). Cells were transfected with the mixture of Lipofectamine 2000 and FAM-NC-siRNA according to a pre-set mixing ratio. After successful transfection, cells were harvested and washed with phosphate buffered saline (PBS) twice. The maximal transfection efficacy could then be tested by FACS.
Cells were trypsinized and centrifuged at 1,500 rpm/min for 5 min at 48 h after transfection. Cells were harvested and washed with PBS twice. Reagents for apoptosis detection were added and then cells were incubated in the dark for 30 min and subjected to FACS. Cells were collected, washed with PBS, fixed with 75% ethanol at 20˚C overnight, and centrifuged at 1,500 rpm/min for 5 min. Then, ethanol was removed and cells were washed with PBS twice. Propidium iodide (PI) and 500 µl of RNase were added and the cells were incubated in the dark at 4˚C for 60 min. Lastly, cells were subjected to cell cycle analysis by FACS.
Cell invasion assay. Invasion capability in vitro was measured in Transwell chambers (CoStar Group Inc., Washington, DC, USA) according to the manufacturer's protocol. Briefly, the upper chambers of the Transwell inserts were coated with 100 ml diluted Matrigel solution at 37˚C for 4 h, and then pretreated with serum-free RPMI-1640 medium at 37˚C for 1 h before seeding the cells at a density of 1x10 5 /well in 100 µl medium with 1% FBS. The lower chambers were filled with 500 ml RPMI-1640 with 10% FBS and HCT116 contained medium as a chemoattractant. The Transwells were then incubated at 37˚C with 5% CO 2 for 48 h to allow cells to migrate. At the end of the incubation, the cells on the upper side of the insert filter were completely removed by wiping with a cotton swab, and the cells that had invaded through the Matrigelcoated filter were fixed in ethanol and stained with crystal violet. For quantification, the cells were counted under a microscope on 5 random fields at x100. Dye bound to the cells was solubilized with 0.1% SDS, and absorbance at 560 nm was measured. The A560 value represents the number of cells that had invaded through the Matrigel-coated filter.
Cell adhesion assay. Subsequently, 96-well plates were coated with Matrigel (2.5 mg/ml) 100 µl, 4˚C overnight. Cells exposed to siRNA for 48 h were seeded at a density of 1x10 4 /100 µl and then incubated for 80 min. Five duplicate wells were set up for each group. At the end of the experiment, cells were washed twice with PBS to remove non-adherent cells. Cells that adhered to the substrate were stained with crystal violet. Dye bound to adhered cells was solubilized with 0.1% SDS, and absorbance at 560 nm was measured.
Cell migration assay. Cell migration assay was performed by the wound-healing method. Cells (1x10 5 ) exposed to adenovirus or siRNA for 48 h were plated in 6-well plates and grown to confluence. The monolayer was wounded by scratching with a sterile pipette tip lengthwise along the chamber. After wounding, cells were washed twice with PBS and cultured at 37˚C for 24 h. Images were captured immediately after cell wounding (0 h) and 24 h after cell wounding. Wound width (µm) was measured using OpenLab software. Wound healing rate = (0 h scratch width -24 h scratch width)/0 h scratch width x 100%.
Statistical analysis. Statistical analysis was performed with SPSS17.0 software (SPSS Inc, Chicago, IL, USA). Data are expressed as the means ± standard deviation (SD). A Student's t-test was used for comparisons between groups, and F-test was applied for correlation analyses. A value of P<0.05 was considered to indicate a statistically significant difference.
Results

Increased expression of PAUF and β-catenin in CRC tissues
and NATs. To investigate the expression of PAUF and β-catenin in CRC, we detected the expression of PAUF and β-catenin in fresh CRC tissues and NATs from the same patient. Real-time PCR analysis showed that mRNA expression levels of PAUF and β-catenin in tumor tissues were significantly higher than in NATs (P<0.05) (Fig. 1B and C) . In addition, the expression of PAUF was correlated with the expression of β-catenin in both tumor tissues (r=0.658, P<0.05) and NATs (r=0.732, P<0.05).
Consistent with these results, immunohistochemical analysis showed strong cytoplasmic overexpression of PAUF and β-catenin in cancer cells was clearly observed; however, NATs did not react with the antibody (Fig. 1A) . Of the 48 CRCs, the positive rate of PAUF and β-catenin was 62.5% (30/48) and 91.7% (44/48). However, in NATs, the positive rate was 16.7% (8/48) and 81.3% (39/48), respectively. The difference between them was statistically significant (P<0.05). As anticipated, the expression of PAUF was also correlated with the expression of β-catenin in the tumor tissues (r=0.355, P<0.05) and NATs (r=0.416, P<0.05).
Transfection of CRC cells with PAUF-siRNA inhibits mRNA and protein expression of PAUF and β-catenin.
RT-PCR results showed that PAUF was expressed in all 5 CRC cell lines (SW480, LoVo, SW1116, SW620 and HCT116) at a high frequency, and the HCT116 cell line showed the highest elevation of PAUF mRNA among the 5 cell lines (Fig. 1D) . In order to achieve a significant interference effect, we used the HCT116 cell line for the follow-up experiment.
A fluorescently labeled siRNA oligos segment was used to detect the transfection efficacy by FACS. Our study confirmed that the maximal transfection efficacy could be obtained when the ratio of Lipofectamine 2000 to siRNA was 4 µl:4 µl. Increase of the reagents did not improve transfection efficiency (Fig. 2) . Three siRNA oligos segments targeting PAUF were designed to knock down PAUF (Table I) .
To test the efficacy of PAUF siRNA in downregulating the expression of PAUF, we evaluated the PAUF expression in transfected cells at the transcript and protein level. The results demonstrated that mRNA and protein expression of PAUF were reduced by the 3 siRNA oligos segments to varying degrees, compared with the scrambled siRNA group and the non-siRNA group (P<0.05) and the no. 2 siRNA oligos segment (PAUF-siRNA2 group) was the most efficient. However, there was no significant difference between the scrambled siRNA group and the non-siRNA group (Fig. 3A and C) . In addition, PAUF-siRNA transfection downregulated the expression of PAUF in HCT116 cells, which was also associated with a decrease in the expression of β-catenin, and the PAUF-siRNA2 group was also the most efficient ( Fig. 3B and D) . In order to achieve a significant interference effect, PAUF-siRNA2 was selected for subsequent experiments. Effect of PAUF-siRNA transfection on the growth of HCT116 cells. In phenotype analysis, we investigated the effect of PAUF on cell growth of HCT116 cells. The cell viability was reduced significantly after treatment with PAUF siRNA at 24, 48 and 72 h compared with other control groups (P<0.05) (Fig. 4) . The results indicated that RNA interference mediated specific downregulation of PAUF induced strong inhibition of CRC cell growth.
Effect of PAUF-siRNA transfection on the apoptosis and cell cycle of HCT116 cells.
We performed experiments to evaluate the apoptosis and cell cycle distribution of HCT116 cells with PAUF-siRNA by PI staining. The results showed that following 48 h of transfection, the rate of apoptosis in the PAUF-siRNA group (36.4±1.24%) was significantly higher than that of the scrambled siRNA (18.3±1.74%) and non-siRNA groups (16.6±1.84%) (P<0.01) (Fig. 5A) . On the other hand, the cell cycle analysis in the PAUF-siRNA group showed increased G0/G1 phase cells (66.59±4.15%, P<0.05) and decreased percentage of S and G2/M (20.97±2.15%, P<0.05) phase cells.
Effect of PAUF-siRNA transfection on the invasion, adhesion and migration of HCT116 cells. Invasion capability was measured in Transwell chambers (CoStar Group Inc.) according to the manufacturer's protocol. The cells that had invaded through the Matrigel-coated filter were fixed in ethanol and stained with crystal violet. The cells were counted under a microscope on 5 random fields at x100 (Fig. 6A) . Dye bound to the cells was solubilized with 0.1% SDS, and absorbance at 560 nm was measured. The A560 value represents the number of cells that had invaded through the Matrigel-coated filter. The histograms represent the quantification of cells that invaded through Matrigel (Fig. 6C) .
Changes in adhesion were evaluated by cell adhesion assay. The A560 value represents the number of cells that adhered to the Matrigel. The adhesion rate = the number of adhered cells/the number of total cells x 100%. Results showed that the adhesion rate of the PAUF-siRNA transfected group was (49.52±2.45%), which was significantly lower than that of the scrambled siRNA (78.23±3.86%) and the non-siRNA group (89.59±4.23%) (P<0.05) (Fig. 6E ). Cell migration assay was performed by the woundhealing method. Images were captured immediately after cell wounding (0 h) and at 24 h after cell wounding (Fig. 6B) . Wound healing rate = (0 h scratch width -24 h scratch width)/0 h scratch width x 100%. The results showed that the wound healing rate of the PAUF-siRNA transfected group was 30.54±3.35%, which was significantly lower than that of the scrambled siRNA (78.67±2.81%) and the non-siRNA group (84.79±2.63%) (P<0.01) (Fig. 6D) .
Discussion
In the present study, we examined the expression pattern of PAUF transcript and protein in CRC tissues and cell lines, and our findings demonstrated that PAUF is highly expressed in CRC at the transcript and protein level when compared with NATs. Wee also evaluated the role of PAUF in the biological behavior of CRC through the adjustment of the Wnt/β-catenin pathway.
The disorder of several genes, and cell signaling pathways involved in the evolution of CRC, has been extensively investigated and mutations of key genes in the Wnt/β-catenin signaling pathway play an important role in the occurrence and development of CRC (1, 14) . Furthermore, β-catenin plays a critical role in this signaling pathway (15, 16) . Previous studies have shown that the regulation of β-catenin is multifactorial (17), such as CDK8 (2,17,18) of E2F1 (19) . Whether other genes play a decisive role in regulating the stability oβ-catenin remains to be examined. In the current study, we focused on gene silencing techniques to detect whether PAUF, a newly discovered oncogene, is involved in the regulation of β-catenin and whether PAUF participates in the evolution of CRC.
Several studies have demonstrated that the new oncogene PAUF is highly expressed in pancreatic cancer, CRC, ovarian cancer and gastric cancer tissues (12, 13) , and there is evidence to show that in pancreatic cancer, PAUF can contribute to the oncogenesis of pancreatic cells by upregulating the expression and transcriptional activity of β-catenin (13) . PAUF also plays important roles in cancer progression, including cell proliferation, adhesion, migration and invasion (20) (21) (22) (23) . In our present study, we detected the expression levels of PAUF in 48 cases of CRC by using real-time RT-PCR. Our data demonstrated that PAUF expression levels were significantly upregulated in cancer tissues compared to NATs, and the expression of PAUF was related to the expression of β-catenin in both tumor tissues and NATs. These data shows that PAUF may be involved in the evolution of CRC by regulating the Wnt/β-catenin pathway.
In order to obtain a deeper understanding of the functional mechanism of PAUF in the initiation and progression of CRC, we employed the RNA interference technique for knockdown of PAUF expression in HCT116 cells. The RNA interference allows inexpensive and rapid analysis of gene function in mammals and represents an effective approach that could be exploited for gene therapy (24, 25) . In our study, we observed that PAUF inhibitor can markedly inhibit the cell proliferation in HCT116 cells. Flow cytometry analysis found that the cell apoptotic rate in the PAUF inhibitor group was significantly higher than in the NC group. The cell cycle data also revealed that the cells of S and G2/M phase in the PAUF inhibitor group were markedly lower than in the NC group, while cells of the G0/G1 phase were significantly increased. This suggests that PAUF downregulation may induce G0/G1 cell cycle arrest, more cell apoptosis and the inhibition of cell proliferation in HCT116 cells. After silencing the expression of PAUF, we found that PAUF-siRNA not only inhibited the proliferation of CRC cells, promoted their apoptosis and arrested these cells in the G0/G1 phase, but also the invasion, adhesion and migration of the tumor cells were inhibited to varying degrees.
Although the precise molecular mechanisms of PAUF in CRC have not been fully clarified, our study, for the first time, illustrated that PAUF could effectively influence the malignant phenotypes of CRC through the Wnt/β-catenin pathway. A deeper understanding of its clinical implications and targeted therapeutic interventions in CRC requires further investigation.
In summary, the current study showed that PAUF is involved in the progression of CRC development by regulating the Wnt/β-catenin pathway, and PAUF downregulation with RNA interference can inhibit proliferation, apoptosis, cell cycle progression, invasion, adhesion and migration of cancer cells. These results also suggested that PAUF may serve as an efficient biomarker for diagnosis and is a novel prognostic indicator in CRC. Our study represents a potential new approach to understanding the role of this gene function in cancer and provides a novel strategy for CRC therapy.
